[1] Tidal asymmetry in estuaries with mixed, mainly semidiurnal tides arises from both the interaction of principal tides and the higher harmonics generated by distortions within the estuary. The duration asymmetry in rise and fall of water level caused by principal tides on the west coast of the continental United States is ebb-dominant, and so the tide entering estuaries is also ebb-dominant, prior to any internal distortions within the estuary. The interaction of higher harmonics with principal constituents either augments or cancels the duration asymmetry in the principal tides. In estuaries where tidal elevation and velocity phase are near quadrature (90°out of phase), the duration asymmetry in tidal elevation leads to asymmetries in tidal current magnitude. Asymmetry can be conveniently quantified in terms of the sample skewness, g 1 , the normalized third sample moment about the mean. An analytic approximation to the skewness shows that traditional metrics of asymmetry, namely the ratio of constituent amplitudes and the relative constituent phase difference, arise from calculating the third sample moment. Observations from three California estuaries of different morphologies are presented as an illustration of how skewness can be used to quantify asymmetry in real systems. As in semidiurnal systems, morphology is a good predictor of whether higher harmonics engender ebb-dominance or flood-dominance, however asymmetry imposed by principal tides at the mouth must first be overcome and so there is a spatial evolution in the total asymmetry. Quantifying observations via skewness should be considered in addition to traditional metrics in estuaries with mixed tides.
Introduction
[2] Tidal asymmetry occurs when the combination of multiple tidal constituents produces a tide with discrepancies in the rise-and fall-duration of water elevation; this duration asymmetry may be manifest as an inequality in flood/ebb tidal current magnitudes [Boon and Byrne, 1981] when tidal elevation and velocity are near quadrature. Phase difference between constituents dictates the direction of asymmetry (i.e., flood-or ebb-dominance), while the ratio of constituent amplitudes reflects the degree of distortion [Friedrichs and Aubrey, 1988] . In frictionally-dominated estuaries with semidiurnal tides (form number F = (a K 1 + a O 1 )/(a M 2 + a S 2 ) < 0.25, where a n is tidal constituent amplitude [National Ocean Service, 2000] ) the primary source of asymmetry is the interaction of the principal lunar semidiurnal tide M 2 with its first overtide, the lunar quarter diurnal M 4 van de Kreeke and Robaczemska, 1993] . Overtides (harmonic frequencies that are integer multiples of a principal constituent frequency) and compound tides (harmonics created from sums or differences of two frequencies) arise primarily from distortion of astronomical tides in shallow water. The physical mechanisms responsible for this distortion are represented by nonlinearities in the equations of motion: time-varying depth and embayment width in the continuity equation; and quadratic friction, time-varying depth in the friction term, and advective acceleration in the momentum equation [Parker, 1991] . Most tidal asymmetry literature has examined semidiurnal systems on the U.S. east coast Friedrichs and Aubrey, 1988, 1994; Blanton et al., 2002] and in western Europe [Dronkers, 1986; Lanzoni and Seminara, 1998; Wang et al., 1999; Savenije and Veling, 2005] ; consequently, these papers focus almost exclusively on the interaction between M 2 and M 4 as the source of asymmetry.
[3] Asymmetrical tides are also produced through the interaction of diurnal and semidiurnal constituents in mixed, mainly semidiurnal tidal regimes (0.25 < F < 1.5), primarily through the combination of the lunar (K 1 ) and lunisolar (O 1 ) diurnal tides with M 2 . The phase relationship between the diurnal and semidiurnal constituents dictates the direction of asymmetry by determining whether higher-high water (HHW) precedes or follows lower-low water (LLW). Friedrichs [1995] recognized that the tendency for HHW to precede LLW along the U.S. west coast resulted in a predominantly ebb-dominant tidal regime, and speculated that this mixed tidal forcing contributed to systematic differences in channel morphology in U.S. west coast estuaries versus those along the Atlantic coasts of the U.S. and Europe. Recently, the interaction of this tidal triad was quantified by Hoitink et al. [2003] for tidal currents, and examined by Woodworth et al. [2005] for tidal elevation. Asymmetry in diurnal (F > 3) regimes has been examined by Ranasinghe and Pattiaratchi [2000] ; they observed that principal tide phasing affected duration asymmetry and concluded that tidal inlet asymmetry was a direct consequence of oceanic forcing that varied with phase angle between constituents. The phasing between these principal constituents is not fixed within an estuary, as the response of K 1 and O 1 to quadratic friction differs in the presence of M 2 [Godin and Martínez, 1994] and the celerity of each constituent is frequency-dependent [Godin, 1985] . Consequently, asymmetry in mixed, mainly semidiurnal estuaries is affected by both how the principal tides propagate as well as the nonlinear growth of higher harmonic constituents (overtides and compound tides) within the estuary.
[4] The purpose of this paper is to examine tidal asymmetry in estuaries with mixed, mainly semidiurnal tides in shallow estuaries typical of California. Along the continental shelf of the U.S. west coast, the phases of the diurnal and semidiurnal tidal constituents (Figure 1 ) result in a tide where HHW precedes LLW during spring tides (Figure 2) . Consequently, the tide entering an estuary along the west coast is ebb-dominant with respect to rise and fall duration, prior to any internal distortion within the estuary. Here I address two questions in the context of short, shallow estuaries. (1) How does asymmetry from principal constituents change with distance into the estuary? Each tidal constituent has a different celerity and so changes in the relative phasing between constituents within the estuary may alter asymmetry. (2) How does asymmetry from higher harmonics contribute to total asymmetry? I consider how the asymmetry created by nonlinear distortion of the tides augments or cancels asymmetry from principal tides. The discussion and analysis are cast in terms of duration asymmetries in the rise and fall of water elevation. As previously mentioned, when tidal elevation and velocity are in quadrature, asymmetry in tidal elevation generates asymmetries in velocity in the absence of confounding factors such as river discharge and local bathymetry.
[5] This paper is arranged as follows. In the next section, I briefly review the relevant physics of tides in short, shallow estuaries. The simple governing equation provides a convenient framework for examining tidal asymmetry from both principal tides and higher harmonics in section 3. I quantify asymmetry via the skewness of the sample observations, and show that traditional metrics of asymmetry are contained in the skewness. In section 4, the general analytic results are (10) 
Tides in Shallow Estuaries
[6] This paper is primarily concerned with the numerous smaller estuaries along the California coast, where the role of tidal asymmetry in net sediment transport [Dronkers, 1986] is important to inlet stability and long-term morphological change. These estuaries can be generalized (with the exception of San Francisco Bay) as being short and shallow; baroclinic dynamics are comparatively weak for most of the year due to the semi-arid Mediterranean climate , and so mean river flows are generally negligible. In this context, short refers to the length of the estuary L relative to the tidal wavelength, while shallow implies that the amplitude of the tide is the same order as the tidal-mean depth h(x) of the estuary. The width of the main channel below mean lower-low water (MLLW) is denoted by B(x), while the total estuary width b(x, t)-encompassing tidal flats and intertidal marsh up to mean higher high water (MHHW)-varies with the tidal sea surface elevation z(x, t). The total depth is H(x, t) = h + z. The along-channel coordinate x is positive up-estuary, with x = 0 at the mouth; t is time. Following previous studies of systems with similar channel-shoal morphologies Friedrichs and Aubrey, 1988] , along-channel momentum is conveyed only within the main channel through a cross-sectional area A(x, t) = BH, and friction from channel walls may be neglected for B ) h.
[7] The observed tide z can be represented by the summation of N individual constituents z n , generically of the form
where w = 2p/T is tidal frequency, T is tidal period, k is the wave number which reflects the cumulative delay in the waveform due to bathymetry and friction along the estuary, and is the phase at x = 0 referenced to a common time coordinate. The observed phase ' = kx + of any constituent is the combined delay in the waveform and the time-coordinate reference, and the observed amplitude a is one-half the range. The celerity, or wave speed, is c = w/k. The observed tidal current can be represented similarly by a summation of tidal harmonics with individual amplitudes, wave numbers, and reference phases.
[8] Given a time series of tidal elevation, least-squares harmonic analysis [Godin, 1991; Pawlowicz et al., 2002] can be used to find the constituent amplitude and phase, and the phase lag of any particular constituent between two observational points can be used to find the wave number. The triad K 1 , O 1 , and M 2 produces the mixed, semidiurnal tide characteristic of the west coast; this is modulated by several constituents with amplitudes greater than 10 cm (Figure 1b) : the solar semidiurnal constituent S 2 , the solar diurnal constituent P 1 , and the larger lunar elliptic semidiurnal N 2 . The slight differences in angular velocity within the diurnal and semidiurnal bands produce fortnightly (spring-neap) and seasonal modulations in tidal range. Within estuaries and shallow coastal seas, overtides and compound tides can be Figure 1 from Crescent City to La Jolla, respectively. produced in both higher and lower frequency bands [Godin and Gonzalez, 1991] . The largest higher harmonics in estuaries along the west coast are M 4 , MK 3 , MS 4 , and MO 3 [e.g., Dworak and Gomez-Valdes, 2005; Nidzieko, 2009] ; here I focus primarily on M 4 and MK 3 , as the response of constituents within the same band is generally similar .
[9] Although many detailed solutions for tidal response within an estuary have been developed [Prandle and Rahman, 1980; Jay, 1991; Prandle, 2003; Savenije et al., 2008] , their notation is less amenable to interpretation, and I use the solutions of Friedrichs and Aubrey [1994, hereafter FA94] for a barotropic tide in a strongly convergent channel. One of the basic premises of the FA94 solutions, that the advancement of the tidal wave is a function of the channel convergence length scale 1/L A ≈ − 1 A @A @x , limits the application of these solutions to the portion of the channel more than L A away from the head of the estuary. Despite this limitation, the solutions of FA94 adequately represent the main features of these systems (finite wave speed, velocity and elevation near quadrature). As the main goal of this paper is to examine how the growth of nonlinearities might affect asymmetry generated by principal tides, the compact form and simple notation of the governing equation of FA94 facilitates examining the consequences of along-channel phase changes and higher harmonic growth.
[10] The analytic solutions presented by FA94 are for shallow, "funnel-shaped" estuaries, and the advancement of the tide is controlled primarily by friction and channel morphology [LeBlond, 1978; Friedrichs and Madsen, 1992; Savenije et al., 2008] . At lowest order, gradients in cross-sectional area dominate gradients in along-channel velocity (L A < L U , where 1/L U ≈ − 1 U @U @x ) in the cross-sectionally integrated continuity equation and friction is more important than inertia in the momentum equation [Friedrichs and Madsen, 1992] ; the resulting one-dimensional wave equation for tidal elevation
has the solution given by equation (1), with frequencydependent celerity
The frictionless wave speed in channels with intertidal storage is
where the overbar denotes a mean tidal cycle quantity. Quadratic friction
is constant and linearized, and scaled to the dominant M 2 velocity amplitude
is found by fitting an exponential function of a form e −x/L A to along-channel values of cross-sectional area. 8/3p in equation (5) comes from the Fourier expansion of the quadratic drag formulation [Pingree, 1983; Godin, 1991] , and the drag coefficient C d,n is frequency-specific [Pingree and Griffiths, 1987; Inoue and Garrett, 2007] . At lowest order, the observed celerity (3) for each constituent is the frictionless wave speed squared modified by friction and channel convergence.
[11] In equation (2), the terms in the coefficient are assumed constant: spatially they represent estuary-wide characteristics, and terms that vary with the tidal cycle (namely depth and estuary width) have been time-averaged. From equation (3), the delay in the waveform for each constituent is
The wave number (and hence delay) increases with higher frequency, more drag, a less-convergent channel (larger L A ), wider intertidal area, shallower channel, and/or smaller crosssectional channel area. It is this frequency-dependent celerity that requires examination in terms of the relative phase shifts within an estuary.
[12] At second order, finite amplitude effects (a/h for depth variations; (b − B)/b for estuary width variations), velocity gradients due to wave propagation (|L A /L U |), along-channel phase delay (kL A ), and local acceleration (w/r) become important. The finite amplitude effects are the largest contributors to nonlinearities [FA94] , and this may be expressed through a time-dependent wave speed
where the tidal asymmetry factor
parameterizes the relative importance of depth and estuary width changes over a tidal cycle [Friedrichs and Madsen, 1992] . For a mixed, semidiurnal system I take a to be onehalf the diurnal tide range between MHHW and MLLW. The weighting coefficient a can be used to tune the relative importance of depth variations to account for depthdependence in the friction term and time-dependence in C d that have been neglected (for a thorough discussion, see Friedrichs and Madsen [1992] ).
[13] Incorporating the second order parameters (see FA94 for further details), the wave equation at second order is
where the amplitude growth factor is given as
Equation (8) is identical in form to equation (2), with the exception that the wave speed now varies with the tidal cycle [LeBlond, 1978] , scaled by g. When g < 0, temporal changes in estuary width are dynamically more significant than relative changes in depth. Physically, the advancement of high water is slowed relative to low water based on the assumption that the shoals do not carry momentum. Mathematically, in equation (8), wave speed is slowest at high water when, for g < 0, g z/a = g cos(wt) reaches its minimum value, allowing the trough to catch up to the wave crest. Neglecting principal tide asymmetry, this produces a duration asymmetry where the time of falling water is shorter than rising water, and so the tide is ebb-dominant with the magnitude of ∂z/∂t = z′ larger on ebb [Boon and Byrne, 1981] . The reverse scenario occurs for g > 0: for large a/h, the variation in friction over a tidal cycle slows the advancement of the trough at low water more readily than at high water; the crest catches up to the trough and the period of falling water is longer, producing flood-dominant currents Dronkers, 1986] .
[14] This distortion of the tide over a tidal cycle can be represented by combining the principal tides with overtides and compound tides. We are interested in how this effect is manifest in a mixed, semidiurnal environment where the presence of several large principal tides contributes to a larger complement of higher harmonic constituents. Here I have presented a brief overview of the physics relevant to the topic. In the following section I examine the sources of asymmetry in mixed, semidiurnal estuaries with the preceding equations.
3. Asymmetry 3.1. Skewness
[15] I quantify asymmetry as the normalized sample skewness of the tidal elevation time derivative (∂z/∂t = z′)
where m 3 is the third sample moment about the mean and s is the standard deviation, the square-root of the second sample moment about the mean [cf. Emery and Thomson, 2001] . The summation is for t observations from time t = 1 to t = t. Ebb-tide duration is shorter for g 1 < 0 and floodtide duration is shorter for g 1 > 0; assuming the dominant elevation and velocity components to be in quadrature, this duration asymmetry may be manifest as tidal current asymmetry. The skewness of an entire record quantifies the mean asymmetry over the duration of the observations; a short window can be used to produce a time series of skewness (akin to producing a running-mean). When computing a runningskewness time series, using the standard deviation of the entire record (rather than of just the window) retains some of the amplitude information that is otherwise lost by normalizing. By taking the time derivative of the tidal elevation record, the skewness reflects the duration asymmetry in the rise (z′ > 0) and fall (z′ < 0) of water level.
[16] Skewness can also be computed for a velocity time series directly from the record (i.e., without taking the time derivative); in this case, currents are ebb-dominant for g 1 < 0 and flood-dominant for g 1 > 0. Because tidal elevation and tidal currents are generally 90°out of phase in the systems of interest, the skewness computed from z′ will be similar to that computed from U in the absence of river flow, stratification, or bathymetric effects. One advantage to quantifying asymmetry via tidal elevation is that bathymetry can produce local asymmetries in tidal currents that are generally not manifest in the free surface record [Godin, 1991] . Additionally, observations of tidal elevation are much more readily available than long-term observations of currents. While duration asymmetry in tidal elevation does not guarantee asymmetry in velocity, the skewness of the tidal elevation time derivative still provides useful information about the tidal forcing and response of an estuary.
[17] Note that the calculation of the skewness is not time invariant, as the choice of window length or starting point relative to tidal stage can affect the skewness. The sensitivity of the calculation to the starting point is minimized if the window length is an integer multiple of the mean lunar day (24.84 hours); for a record comprised of hourly samples, an integer multiple of a 25-hour window is sufficient. If the window length is too long, spring-neap changes in asymmetry begin to be averaged out. The decorrelation time for a sinusoid with a fortnightly period (i.e., the first zero crossing of an autocovariance function) suggests a window length of three lunar days as an upper bound. In the following section I will show how the traditional metrics of asymmetry, namely the ratio of constituent amplitudes and the difference in constituent phases, arise from the calculation of sample skewness.
Asymmetry From Principal Tidal Constituents
[18] I first consider asymmetry created by the principal constituents of the diurnal and semidiurnal bands. For example, combining M 2 and K 1 produces a tide with a diurnal inequality, where one semidiurnal high tide is higher or lower than the one preceding it; this diurnal inequality produces ebb-dominance through half of a 13.66-day cycle and flooddominance through the other half (Figure 3a , black line). The amplitude of a diurnal tide created by combining K 1 and O 1 also has 13.66-day periodicity (Figure 3a , gray line). When K 1 and O 1 are aligned at spring tides, the diurnal inequality produced by the K 1 /O 1 /M 2 triad is maximized; neap tides (when K 1 and O 1 are out of phase) minimize the diurnal inequality. Consequently, the phase alignment of the diurnal and semidiurnal tides determines whether the floodor ebb-dominant diurnal inequality is amplified. In California, the diurnal tides align to produce ebb-dominant spring tides and weakly flood-dominant neap tides (Figure 3b) . The modulation introduced by S 2 , P 1 , and N 2 further affects this asymmetry on fortnightly to semiannual time scales (not shown).
[19] To examine the tidal triad asymmetry more rigorously, the frequencies of the principal constituents can be expressed in terms of their Doodson frequencies [Doodson, 1921; Hoitink et al., 2003] 
where 2p/w 1 is the period of the mean lunar day (24.84 hours) and 2p/w 2 the sidereal month (27.32 mean solar days). The diurnal constituents share a common Doodson frequency (w 1 ) and trigonometric identities can be used to combine K 1 and O 1 into a single equation for the diurnal tide [Hoitink et al., 2003] 
where
and
The equivalent form of the semidiurnal tide is
The subscripts D 1 and D 2 indicate diurnal and semidiurnal terms, respectively, and the four quadrant arctangent is evaluated for D 1 . To illustrate this with an example, I will use amplitudes and phases representative of the California coast: Figure 3b .
[20] Botha D 1 and D 1 have 13.66 day periodicity (Figures 3c-3d ). Sample skewness (Figure 3c , solid line with circles) computed with a one lunar-day moving window shows that ebb-dominance is greatest during spring tides, and that the neap tides are weakly flood-dominant. The skewness of the entire month-long record is negative and so reflects the net ebb-dominance.
[21] Two metrics have been previously used to describe tidal asymmetry: an amplitude ratio a D 1 /a D 2 , which expresses the degree of asymmetry; and the phase difference 2 D 1 − D 2 , which indicates the direction of asymmetry Hoitink et al., 2003] . Note that the interaction between the semidiurnal and quarter-diurnal bands is mathematically similar to the interaction between diurnal and semidiurnal bands. Both a D 1 /a D 2 and |g 1 | are large during spring tides and small during neap tides ( Figure 3c) ; there is a slight phase difference between a D 1 /a D 2 and g 1 because the phase of a D 1 is not affected by the relative magnitudes of K 1 and O 1 in equation (12b), whereas the asymmetry is sensitive to the different amplitudes through D 1 (equation (12c)). Skewness g 1 is negative (shorter ebb duration) for −p < 2 D 1 − D 2 < 0, and positive (shorter flood duration) for 0 < 2 D 1 − D 2 < p (Figure 3d ). While the asymmetry and phase difference both vary over the fortnightly cycle, the uneven distributions of both g 1 and 2 D 1 − D 2 indicate that the mean tidal cycle asymmetry produces shorterduration ebbs. I will next show how these two relationships, the amplitude ratio and the phase difference, are actually parameters that arise from the third moment, and that the information they convey individually is conveniently measured with g 1 .
[22] The time-average of a sinusoid with constant amplitude and phase is zero if an averaging period equal to the sinusoid period is chosen (i.e., = R 0 2p/w cos(wt) dt = 0). Additionally, as t → ∞, → 0. Thus, by considering skewness with either window lengths of 2p/w 1 (a lunar day) or at long times, ′ ≈ 0 and equation (10) can be approximated as
Although the phase and amplitude of z D 1 are not timeinvariant, the analytic approximation is very close to the true skewness computed in equation (10). It is worth noting that often U ≠ 0, and so the simplification in equation (14) may have a larger error if a time series of U is considered.
[23] Evaluating the derivative and expanding
, the terms that go into the approximation of the third moment in equation (14) are
and the terms that go into the approximation of the second moment in equation (14) are
[24] Taking the mean of equation (15), only the second term on the second line has no periodicity at w 1 and so the third moment may be reasonably approximated by 2 )]. Combining these two terms, an analytical approximation for the skewness created by a diurnal/semidiurnal interaction is
The skewness approximated with g 0 is nearly identical to the true skewness measured by g 1 (Figure 4 ). The analytic approximation in equation (17) (Figure 3c ), while 2 D 1 − D 2 is the only phase information retained in equation (17). A similar elaboration can be conducted for asymmetry in a quarter diurnalsemidiurnal interaction simply by substituting M 2 for D 1 terms and M 4 for D 2 terms.
[25] The direction of asymmetry is important for residual sediment bed load transport, which is proportional to U 3 [Bagnold, 1966] . Hoitink et al. [2003] showed that the direction asymmetry generated by K 1 , O 1 , and M 2 was given by cos ( K 1 + O 1 − M 2 ). Taking the time average of velocity cubed is a reasonable approximation of the third sample moment equation (14), and so the maximum asymmetry occurs when the phase 2 D 1 − D 2 is equal to (Figures 3c-3d ). While I have cast this discussion in terms of the sample skewness, simply taking the third moment about the mean of either velocity or elevation timederivative observations may be a more natural quantification, as normalizing the third moment with the standard deviation may remove some of the magnitude information relevant to sediment transport potential. Normalizing the third moment of a lunar day window with the standard deviation of the entire data set may be another method of retaining magnitude information.
[26] I have shown how the metrics used in parameterizing asymmetry come from the definition of the third moment; calculating the skewness, either as time-varying runningskewness or as the skewness of an entire data set, is a natural straightforward method for quantifying asymmetry in observations that conveniently captures the amplitude and phase information embodied in traditional metrics of asymmetry.
Asymmetry From Nonlinearities
[27] The skewness can be used to quantify how harmonics created by nonlinearities augment or cancel asymmetry imposed by principal tides. The amplitude and phase of the overtides and compound tides are affected by estuarine geometry directly through g and the wave number of the principal tides. This may be seen by expansion of the second-order term z @ @x in the wave equation (8), which may be evaluated to second order by substituting the first-order solution for z (1). For a single tidal constituent, this is straightforward and the use of trigonometric identities yields the first overtide [FA94] . Taking for illustrative purposes z = z M 2 + z K 1 , a larger set of overtides and compound tides are produced by the nonlinear term Figure 4 . Scatter plot of skewness g 1 (equation (10)) and an approximation g 0 (equation (17)), from the example in Figure 3 . Solid line is 1:1 ratio.
Inserting equation (18) into (8) produces an equation that is linear in z and can be separated into individual frequencies and re-written as a set of individual equations with solutions
where n is the contribution from any harmonic already present at x = 0 [FA94].
[28] At second order, the principal tides (z M 2 and z K 1 in this simplified example) decay exponentially with increasing distance into the estuary while the higher harmonics increase in amplitude with distance into the estuary, scaled by the asymmetry factor g. Although set (19) implies that both the phase delay and higher harmonic amplitude growth will be linear with distance, the actual advancement may more accurately be described as a nonlinear diffusion phenomenon [Friedrichs and Madsen, 1992] , rather than as an advective phenomenon in equation (8). The error in the solutions is greatest within L A of the head of the estuary or areas of appreciable bathymetric change where the neglected ∂U/∂x from the continuity equation may be significant. Phase lags may also appear to be nonlinear as the observed phase is a combination of multiple sources of nonlinearity: friction in the momentum equation leads to a different phase relationship than do depth and width changes in the continuity equation [Heath, 1980] and feedback from nonlinear distortion to fundamental frequencies (as in the case of O 1 in equation (19e)) further precludes simple interpretation of observations [Godin, 1991] . Set (19) is provided only as a simplified example of how morphology affects the harmonics, and not as an exhaustive solution set.
[29] The effect of nonlinearities on asymmetry in mixed, mainly semidiurnal estuaries can be demonstrated by constructing a simple tide using just five constituents: the three principal tides K 1 (equation (19b) 
, and M 2 (equation (19a)), as well as the M 4 overtide (equation (19c)), and the MK 3 compound tide (equation (19d) ). For simplicity, the drag coefficient is the same for all constituents. Additionally, feedback to the principal tides from nonlinearities is neglected (e.g., equation (19e) is ignored). While in specific situations this feedback could be important, set (19) with the amplitudes and phases described following indicates that the amplitude of the nonlinear feedback to O 1 is two orders of magnitude smaller than the amplitude of O 1 at the boundary, and an order or magnitude smaller than either MK 3 or M 4 . The amplitudes and phases of the principal tides are the same as those in the previous example in section 3. Table 1 give rise to either flood-dominant or ebb-dominant distortion depending on the parameter g.
[30] With just the principal tides K 1 , O 1 , and M 2 , the duration asymmetry in the tide is ebb-dominant for all of the geometries considered ( Figure 5 , dashed lines). There is a small phase shift with distance that causes a decrease in the asymmetry of the principal tides. When M 4 and MK 3 are included (solid lines), the asymmetry changes markedly. Ebb-dominance increases for geometries with g < 0, while total asymmetry decreases for g > 0. Flood-dominance does not occur within the solution range (the solutions are only valid up to approximately x/L = 1 − L A /L) for the geometries that should be flood-dominant based on g [FA94; Friedrichs and Madsen, 1992] .
[31] This simple example demonstrates that estuarine morphology strongly affects tidal asymmetry, as in semidiurnal systems, but that the pre-loading of asymmetry by principal tides must first be overcome in estuaries with mixed semidiurnal/diurnal tides. Thus, asymmetry within an estuary with mixed tides cannot be parameterized solely in terms of principal tides [Hoitink et al., 2003] or overtides Friedrichs and Aubrey, 1988] , as there is a spatial dependence to whether the asymmetry created by the principal tides is negated by higher harmonic constituents.
In the next section I analyze tidal asymmetry within three California estuaries of differing morphologies to illustrate this point.
Observations From Three California Estuaries
[32] The tide along the west coast is has a shorter falling water duration, with the asymmetrical tidal forcing strongest along the central California coast (Figure 1d ). Duration asymmetry decreases slightly in the Southern California Bight, and is weaker to the north. Three estuaries with different morphologies were selected to examine the estuarine tidal response to this ebb-dominant forcing (Figure 6 ). Tomales Bay is long and comparatively wide, with little intertidal storage. Elkhorn Slough is long and narrow, with significant intertidal storage and a deep, hardened (jettied) mouth. Oneonta Slough (the north arm of the Tijuana River estuary) is short and narrow, with a natural beach inlet and moderate intertidal storage. Basin-wide physical characteristics are summarized in Table 2 .
[33] Hourly water level observations were obtained from publicly-available data archives for three tide stations within or near each estuary (Table 3) . Each estuary had a tide station located within one kilometer of the mouth and a second tide station located in the back half of the estuary. The third station was a nearby coastal reference station. General morphologic characteristics were assessed from spatial habitat data delineated by the state of California (i.e., deep-water or intertidal habitat), while depth information was determined from the sources described in Table 2 .
[34] In general, the response of the tides in these three estuaries was similar. There was little energy loss in the diurnal and semidiurnal bands between the reference stations and the estuary tide stations, and higher harmonics Table 1 . Asymmetry is quantified as skewness, g 1 (equation (10)). Amplitudes and phases are the same as those listed in Figure 3 . Here g is calculated from equation (7) developed only within-estuary (Figures 7a-7c) . Harmonic constituents were computed using the MATLAB program t_tide [Pawlowicz et al., 2002 ] to obtain amplitude and phase (Figures 7d-7l ). All constituents resolvable from their Rayleigh neighbor based on record length [Foreman, 2004] were included in the harmonic analysis, but only selected constituents are reported here. Amplitudes of the principal constituents decreased across the estuary entrances at Tomales Bay and Tijuana River estuary because these two systems have shallow entrances; the strong frictional effects also caused larger phase shifts. Within the estuaries, the relative phasing of the higher harmonics from the lower to upper estuary stations was different for Tomales Bay than for Tijuana River or Elkhorn Slough; the phase shift of MK 3 and M 4 was negative up-estuary in Tomales Bay, suggesting a different tidal response in this system.
[35] Asymmetry was quantified by computing skewness g 1 from both observations and a synthetic tidal record created from the amplitudes and phases of the six principal astronomical constituents (Figure 8 ). Despite the ebb-dominant forcing at the mouth, Tomales Bay and Tijuana estuary were flood-dominant with respect to tidal elevation rise/fall duration in the inner estuary. The changes in asymmetry in the principal tide phasing are not as important as changes in amplitude, based on the different responses of g 1 and m 3 in Tijuana River Estuary.
Tomales Bay
[36] The observations within Tomales Bay (Figure 6a ) are from NOS stations Sand Point (9415477) and Inverness (9415228), located near the mouth and near the head of the estuary, respectively; the reference location is NOS station Point Reyes (9415020). Tomales Bay is 21 km long, and 1.4 km wide. A deeper main channel of 2-10 m is flanked by shallower (<2 m) subtidal flats, and intertidal marsh areas are limited to the head of the estuary. Consequently, the width does not change appreciably through the tidal cycle. The laterally averaged depth is ∼2 meters in the first and last five kilometers of the estuary, with a deeper (∼6 m) midsection [Hearn and Largier, 1997] . This geometry engenders flood dominance. Using a = 0.5 and evaluating b = (b + B)/2 for use in equation (7), the morphology asymmetry factor g = 1.5 0:9 3 − 1400À1400 1400
= 0.5. Because of the ebb-dominant tide at the mouth, however, tides in Tomales Bay do not become flood-dominant until beyond the midpoint of the estuary (Figure 8 ). There is an initial decrease in ebb-dominance that may be associated with the decrease in amplitude of the principal tides across the shallow entrance. The total asymmetry at Inverness is weakly flood-dominant despite a slight increase in ebb-dominance in the principal tides. The phase shift between Sand Point and Inverness for M 4 and MK 3 is negative, which reflects the flood-dominant morphology. The magnitude of this phase shift is smaller for MK 3 than for the principal constituents, which suggests that there are multiple sources of nonlinearity whose phases may partially cancel one another. While many sediment transport mechanisms are at work, it is interesting to consider whether the deeper mid-section of Tomales Bay is due to the apparent sediment transport divergence that may occur with a flooddominant head and ebb-dominant mouth. 
Elkhorn Slough
[37] The observations within Elkhorn Slough (Figure 6b ) are from Land/Ocean Biogeochemical Observatory nodes L01 (near Seal Bend) and L02 (near Kirby Park), at the mouth and head respectively; the reference location is NOS station Monterey (9413450). Tidal scour and dredging maintain a deep (>4 m) entrance to Elkhorn Slough that is constrained by a bridge and a pair of jetties that extend nearly to the head of the Monterey Submarine Canyon. Consequently, there is no amplitude loss across the entrance and the principal tide phase lag between Monterey and L01 is smaller than in the other two estuaries. Elkhorn Slough is 11 km long, with a narrow main channel (100 m) flanked by wide (270 m = −0.1, and the higher harmonics reinforce the ebb-dominance of the principal tides. The net effect of this ebb-dominance has been a widening and deepening of the main channel that is well-documented [Malzone, 1999; Dean, 2003] .
Tijuana River Estuary
[38] The observations within Tijuana River estuary (Figure 6c closer, but located within San Diego Bay, and therefore does not provide an ideal reference as the tidal signal there contains shallow water constituents. Oneonta Slough (the north arm of the Tijuana River estuary) is the smallest of the three estuaries considered here; it is 2.7 km long, with a shallow (∼1 m), narrow (30 m) channel. The intertidal marsh width is 350 m wide. The shallow, perched beach entrance of the Tijuana River estuary causes a large amplitude decrease and phase shift that creates flood-dominance immediately inside the estuary [Lincoln and FitzGerald, 1988; Speer et al., 1991] . Despite the wide intertidal areas in Oneonta Slough, however, the shallow channel engenders flood-dominance g = 1. [Jenkins and Wasyl, 2005] , and is a concern for the success of restoration activities.
Conclusions
[39] In estuaries with mixed, mainly semidiurnal tides, tidal asymmetry arises from the interaction of both the principal tides and higher harmonics. The asymmetry caused by the principal tides (e.g., K 1 , O 1 , and M 2 ) on the west coast of the continental United States is ebb-dominant with respect to duration asymmetry, and so the tide entering estuaries is also ebb-dominant, prior to any internal distortions within the estuary. I have quantified the asymmetry in terms of the sample skewness, g 1 , the normalized third sample moment. Tidal elevation asymmetry can be quantified by taking the time-derivative of a tidal elevation time record, while tidal current asymmetry can be quantified directly from a velocity time series. Assuming tidal elevation and velocity to be in quadrature, the tide is ebb-dominant for g 1 < 0 and flood-dominant for g 1 > 0 in the absence of additional factors such as mean river flow, stratification, and bathymetric effects. An analytic approximation to the skewness shows that the traditional metrics of asymmetry, namely the ratio of constituent amplitudes and the relative constituent phase difference, arise from calculating the third sample moment.
[40] Observations of water level from three California estuaries of different morphologies were analyzed via harmonic analysis, and duration asymmetry was quantified via the skewness. Despite the ebb-dominant tide at their mouth, two of the estuaries became flood-dominant. Tijuana River estuary becomes flood-dominant because of its shallow beach entrance and channel, while Tomales Bay becomes flood-dominant in its upper reaches as the estuary shoals. Elkhorn Slough, by contrast, has significant intertidal storage and a deep entrance and main channel, and becomes more ebb-dominant with the addition of nonlinear distortions. These observations and the analytic arguments indicate that the principal tides are equally important to the total asymmetry within these estuaries. The differential phase shift of the principal tides within the estuary contributes little to internal changes in asymmetry compared to the significant growth of higher harmonics, most notably M 4 and MK 3 . The morphology of an estuary (parameterized by the relative importance of depth and width changes with tidal elevation) is a good predictor of whether higher harmonics engender ebb-dominance or flood-dominance in these systems, although the asymmetry imposed by the principal tides at the mouth must first be overcome. This spatial evolution in the total asymmetry suggests that quantifying observations via skewness should be preferred over traditional metrics in estuaries with mixed tides.
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